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Abstract 


ORKHNAtWOt* 
OF POOR QUALITY, 


Hallo j 2 magnetic data hava baan usad to dariva acvera^ s atis.1 •• 
cal oropertie* of MHD fluctuations aasoelatad with tha trailing adga «>f 
a gi ran stream obaarvad in different aolar rotations. Eigenvalues and 
eigenvector of tha variance matrix* total power and degree of compres- 
sibility of the fluctuations have baan darivad and diecuased both as a 
function of diatanca f-.om the Sun and aa a function of the frequency ran 
ge included in the sample . The raaulta obtained add naw information to 
the picture of MHD turbulence in tha aolar wind. In particular a depen- 
dence from frequency range of the radial gradients of varioua statisti- 
cal quantities ii obtained. 


1. Introduction 


Investigations of MHO fluctuations in the color wind started with 
the early work of Coltatan (1966, 1967) and Otttl and Haugahauar (1969)* 
Sinct then, tba work of laiehar and Davit (1971), followed by numerous 
other* (Bur leg* and Tu-nsr 1976, Danckat and Bur lag a 1977, lavasacno 
at al* 1978), pointed out that fluctuation* of Alfvlnie type ara meet- 
ly found in association with tha trailing edge* of high spaad streams. 
These observations have in turn stimulated much theoretical work on 
the waves, their propagation in the non homogeneous and expanding so- 
lar wind and their possible role in heating solar wind ions (for re- 
views of these works see Hollweg 1977, Barnes 1977)* 

The fluctuations exhibit a power spectrum extending over many fre 
quency decades (Coleman 1968) so that it is natural to daacriba tha me 
dium as a turbulant medium rether than trying to compart the data with 
tha picture of aingla Alfvin wavaa. A recent critical analysis of the 
observations in terms of the equations of incompressible HMD turbulen- 
ce (Dobrowolny at al., 1980a) has stwwn that the presently known stati 
st leal properties of Alfvinic fluctuations can be naturally accounted 
for in such a framework. It indeed appears that the trailing edges of 
high speed streams (bacausa cf tha high degree of incompressibility of 
the observed fluctuations) can be ideal regions for studying fundamen- 
tal properties of fu;?V developed incompressible MHD turbulence, a su- 
bject which, becaure of the difficulty of laboratory experiments, is 
not ss developed as that of hydrodynamic turbulence. Some indications 
drawn from present solar wind observations, as to the non linear state 
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of MHO turbulence, have in face stimulated recent theoretical develop 
•onto on tho subject (Dobrovolny at al, , 1980b; Mangeney at al.,1981). 

It la from tb» abova point of view that ve found it important to 
taka up again a eyutamatic investigation of atatiatical propartiaa of 
incompressible fluctuation* (aiganvaluaa and aiganvactora of tba va- 
riance matrix, variancaa of varioua fluctuating components) associated 
with tha trailing adgaa of tha high apaad streams. 

What va propoaa to discuss, uaing Halloa 2 obaarvationa, ara va- 
riation* of atatiatical propartiaa of tha fluctuatlona vith frequency 
(at a given distance from the Sun) and vith diatar.ee (in a given fra- 
quancy range). 

Variationa vith fraquancy ate already contained in tha work of 
Belcher and Davie (1971) , who used different time intervale aa their 
atatiatical basis. However, both in this work and in tha othere quoted 
previously, tha atatiatical sample used embrace a in general ragiona 
of the solar wind with different characteristics and Which ara there- 
fore likely not to be homogeneous in their fluctuation content. 

On the contrary, in the present work, our data refer to the trajL 
ling edge of a given stream taken at different distances from the Sun. 
Therefore our statistical sample is quite homogeneous, in comparison 
vith those of other works, as we are focusing actually on the same 
turbulent region convected in time at different distances from the 
Sun. Variation of properties of Alfvfnic turbulence with distance, 
for the range of heliocentric distances covered by the Helios space- 
craft, have been considered by Denskat at al. (1980) and Denskat and 


Neubauer (1911) » The moat ncnt of these works oooosncrstos on featu- 
ros of Mis wsvs powsr spectrum, pointing out sows quits intsrssting 
rssults. Thsss works, again, embrace lsrgs periods of observations snd 
do not follow our idss of having a ■ tapis as hoaoganeous as possible* 
ins statistical propsrtiss ws will bs discussing in this papar 
ares ratios of eigenvalues, denoting anisotropy of tha fluctuations! 
minimum variance direction , total power and compressibility of the 
fluctuations. A systematic investigation of power spectra for homoge- 
neous sets of observations will be the object of a companion . paper 
(Bavassano at al», 1981b). 


2. Hxtnef ic field <it> analysis 


For oar study on iucsrplsmstary magnetic Hold fluctuations m 
have used the nagnatie data of HILX08 2. This spacecraft* launcbad on 
January IS, 1976, has been injected in a solar orbit having an aphe- 
lion of 0.98 AD and a perihelion of 0.29 AU, with an orbital period of 
about six months. A description, of the instrumentation and data reduc 
cion is given by Scearce at al. (1975), Bavaaaano (1976), Villante and 
Mariani (1977). 

During the primary mission of HELIOS 2 (January to April, 1976) 
we have selected, by inspection of hourly averages of thu solar wind 
data of the Max-Planck plasma experiment on HELIOS 2 as distributed 
to Helios investigators (see also Schwann at al. (1977)), a high velo- 
city stream which i§ observed by the spacecraft during three sueeessi** 
ve aolar rotations at different distances from the Sun. The three pe- 
riods of the stream observation begin on days 48, (February 17), 74 
(March 14), and 103 (April 12) of 1976, at heliocentric distances of 
about 0.89, 0.68 and 0.31 AU respectively. Fig. 1 gives the ecliptic 
projection of the spacecraft trajectory from day 20 to day 120, 1976. 

For this stream we have performed a systematic study of the pro- 
perties of the variance matrix of the magnetic field using 6 s average 
data. 

In order to search for a dependence of the properties of the 
fluctuations from the frequency range, the variance matrix has been 
evaluated over time intervals of different duration. 
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Nor* precisely, we have chosen at ti as basis tha following flva va 
luaat IMa, 9m, 22.5m, Ih, 3b. 9fa roeall that Balohar and Devla (1971) 
give results referring to tiae baala of 199.71a, , 22.5a and 3h ao that 
to aa ooeparison with than baocaaa possible (although thair atatiatioal 
aaapla it not aa homogeneous aa ours) . whan tha ties baala inoraaaaa wa 
gain informations about tha fluotuatlona at lowar frequencies but, dut 
to tha fact that In all oaaaa wa a tart froa 6 a data, tha contribution 
of higher fraquanciae ranine* Since tha power epaetrua of tha aagnetie 
fluctuations daeraaaaa rapidly with lneraaaing frequency (Colaaan, 

I960) t wa expect however that the lowar frequenciee included dominate 
in any given tine baaia. 

h comparison between the resulta obtained during the three encoun- 
ters of the apacecraft with the etreaa at different distances froa the 
Sun allows an Investigation of the radial dependence of the variance 
matrix character is tic a (assuming tlwj turbulence to be in a stationary 
state and that variations with heliographie latitude are absent or not 
important) . 

The high frequency limit of the investigated frequency band de- 
pends on the time resolution of the data. Using 6 s averages, we are 
analysing only frequenciee below 60 8*10 2 hs in the satellite frame 
of reference. In the solar wind frame of reference the proton girofre- 
quency corresponding to the observed field intensities (see Table 1) 
varies from #0.10 to <*0.64 He. Taking into account that tha solar 
wind flow is highly supers If vSnic, the Doppler effect causes a strong 
shift toward higher frequencies when the fluctuations are observed in 
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the MttlUtt tram, (except for waves propagating nearly perptndieu- 
lar to the tolar wind streaming direction). In conclusion m can aajr 
that va art observing fluctuations haring a frequency in gantral wall 
below tha proton girofraquancy. 

In a first phase of our investigation vs have determined the va- 
riance matrix characteristics for extended period* of tine, including 
all the strew structure fro® the initial rise in tolar wind speed to 
the end of the trailing edge. Prom this extended analysis va have then 
selected, for each strew observation, one period for which the Alfvi- 
nic character of the fluctuations was more evident. Having used only 
magnetic data, the criterion of choice was baaed on a comparison of 
our results with those obtained from previous investigations (see ref<# 
rencae in Sect. 1) about magnetic field variability and properties of 
the variance matrix in regions with Alfvlnic fluctuations. Consisten- 
tly with the known property that incompressible fluctuations of Alfvl- 
nic type are mostly associated with tha stroma trailing edges, our se- 
lected periods Mrs all in ihe initial part of the trailing edge of 
the chosen strew. To have homogeneous sets of data the duration of 
these periods was furthermore chosen so as to account for the different 
rotational velocity of thi Sim as seen from HELIOS at the different 
times of strew encounters. In other words our analysis refers to pe- 
riods of different duration, ranging from about two days to little 
less than four days, in such a way that the angular extent in helio- 
graphic longitude seen from HELIOS during each period is approximately 
the swe. (We add that no substantial differences were obtained by 
using the same duration, e.g. two days, at the different distances). 
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In Table l w giw the Minuted period* and the corre (pending hallo- 
cantrie dietetic*, heliographic longitude interval and heliographic latitude. 

Finally* nota chat in our variance nafer&x coaputation no atteapt 
haa baan aada Co aaparata dynaaic fron afcatic (purely oonvactad) a true 
cturea, However, a vacant atudy on the polariaation proparciaa of tha 
fluctuation* uaing tha aaaa aaapla of data (Bavaaaano at al., 1181 a) 
haa indicated that noat of tha obaamd fluctuation* can ha interpre- 
tad a* a a.lxture of puvaly Alfvdnic (parpandicular) aodaa and aodea 
which alao contain a fluctuating component parallel to tha average aa- 
gnatic field. 


3> -Y«t»tlw>« yttk^tnw.. of .t.tUclc.l .roMrti.. of i» tlwcw- 
tlooa 

For eh* periods of Tabla 1 we have calculated eigenvalues (7^,^, 
* 3 ) «d eigenvectors of tha variance matrix, Zf we define*^ > 
Aj» tba eigenvector aaaociatad with defines tha minimum variance dji 
ractioo. Thia ia wall defined whan Aj « (* 2 , Aj) and than tha ratio 7^/ 
Aj 4 1 danocaa tha dagraa of anisotropy of tha magnetic fluctuations 
(in tha plana perpendicular to tha minimum varianca * direction) . Tha 

ft 

angle batwaan minimum varianca direction and avaraga magnetic field 
will be denoted by 9. 

Pig. 2 givaa tha histograms of tha ratioa \f\* and tha an- 

gle & obtained for tha three parioda of obeervation of tha stream li- 
fted in Table 1 and referring to a tiae baaia of ?2 . 5 ainutea. The ran 
ga of £ haa bean - .vided in? equal intervale of coa^ to account for 
aolid angle affacta. Hiatograma aligned on the aaae column refer to the 
aaaw quantities at the three different heliocentric distances. 

In Pig. 3 we have plotted, in a similar arrangement, the distribu- 
tion of the quantities gr^/B 2 , d" 2 /B 2 andOJ 2 ££ 2 , where is the trace of 

the variance matrix (and hence represents the total povar in magnetic 
2 

fluctuations) , 0*^ is the variance in field magnitude (and hence givts 
a measure of the degree of compressibility of the fluctuations) and B 
is the average field magnitude. 

By looking at the upper distributions of Figs 2 and 3, referring 
to a distance of 0.87 AU from the Sun, we remark, first of all, that 
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the avtriti valuta of the paraaotira which w in for art clooo to those 

obtained* for near-Karth observations, in moat of tlit investigations 

ro col ltd in Sect. 1. U ieA 3 /Aj<< 1 0.1) ao that the nininun 

variance direction ia vary vail defined. Thia ia almost aligned with 

the average magnetic field* which ia a consequence of the small amount 

of power in components of the f luctuationa parallel to 1 (Oohrowolny 

et al. * 1980a). Furthermore* the veriationa in field nagnitude are very 
2 2 -3 

email with #J /I 3*10 injgSOZ of the 22.5 m intervals conaidered. 

Comparing now histograms along each column in Figa»2 and 3* we aea 
that there are changea in the distributions for aome of the paramo tar » 

and OJ 2 /» 2 

higher valuta become more frequent whan the dietenca from the Sun da- 
creaaea. Thia ia batter aeon in Fig. 4 where wo have plotted* for each 
of the parane tera of Figs. 2 and 3* the average value at each atream an 
counter (diatance from the 8un being on the horlaontal axis). The va- 
rioua curvee refer to the five different time baaia uaad in the stati- 
atica (and the curve labelled 3 correaponda to the time baaia , 22.5 
m* of the hiatograma of Figa. 2 and 3). 

There ia a clearly increaaing trend for the ratio upon ap- 

proaching the Sun* which ia found for all time baaia (and therefore in 

2 2 

eluding different frequency rangee). The same trend appliaa for cl /B 

c 

except for curve 5 referring to the time baaia of 3 houra and hence 

containing the loweat frequency fluctuatione. The invarae trend applies 
2 2 

for CL / B which increaaea further away from the Sun. 

0 

On the other hand* veriationa of with diatance art much lees 


calculated. In particular* for the par erne tew ^3/^ 
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noticeable. If significant, ttwN ere in tha imh of \ slightly 
increasing upon approaching the tun which would imply (as the m i n imum 
variance direction Is almost Aligned with 1) that the ratio between 
parallel and perpendicular fluctuations has higher values upon approa*- 
ching the fun (see also isvaeeano at *1., IMla). 

m auet now comment on the significance of the vat nations eviden- 
ced in rig. 4. to this end* we have written, in Table 3, for eaoh point 
reported In the various plots of rig. 4, Its value and the corresponding 
»ean deviation. 

We see that the variations resulting in Fig. 4 are actually within 
the range of these deviations. However, the variations with distance 
(and also those with respect to frequency renge, see Sect. 4) resulting 
from rig, 4, have such a degree of coherence (for example, in cost ea- 
ses, variations with distance are always in the same sense whatever the 
frequency range) that we are led to believe that such variations are si 
gnlfieant. 

This view is also supported by the histograms of Figs. 2 and 3 
where we can see that the variations evidenced by the curves of Fig. 4 
really correspond to consistent shifts in the distribution of the va- 
lues for the various parameters* 

It therefore seems possible to conclude thati e) the degree of ani 
sotropy of the fluctuations decreases (increasing \ 2 /\* 9 °lhg towards 
the Su ni b) the degree of compressibility decreases going toward the 
suni c) the total power (normalised) in fluctuations increases upon ap- 
proaching the Sun (at leaat when the wave number renge considered does 
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not include fluctuations of periods above 1 hour). 

A further important point, which lit apparent from Fig. 4 (end did 
not eppeer in any previous investigation) ie that the radial gradients 
of the various quantities vary with the frequency range. This will be 
discut. ?ed in gect. 5* 

It is worth noticing that our results concerning the variation 
2 2 2 2 

with distance of /B and O J / B can be coshered with some of the re 
suits summarised in Bahannon (1978), collecting different satellite da 
ta and containing also 1 h and 3 h variances. Our behaviour is confir- 
med for all data reported except for the 3 h variances of Pioneer 10. 
These refer however to a quite different range of heliocentric distan- 
ces than our results. 

Finally, aa shown in Fig. 4, the relative importance of compressi, 
bla components with respect to the total fluctuations (mostly incom- 
pressible) is seen to increase with distance from the Sun. This confirms 
a trend already remarked in the early work of Coleman (1968) and ex- 
tends thia finding to the range of heliocentric distance a overed by 
the Helios mission. 
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«. v«ruuop» with igaaag p f «uu»ttou ptflwtfuw of m flasaac 

tiOOP 

In each of the plots of Pig. 4 ths time basis increases (from 168 
i to 3 h) going from curve 1 to curve S. Hsnea ths sample studied lnclu 
dss fluctuations of increasingly low Cre*, e«ey. Ths same Pig. 4, looking 
now at a fixed heliocentric distance, indicates the variations of the 
various parameters plotted with frequency range of ths fluctuations. 

As seen in ths Figure there are. for each parameter, quite systeoa 
tic variations with frequency range, for whose significance ths comments 
given in the previous section apply. All the parameters plotted increa- 
se upon extending the frequency range (towards low frequencies). Por the 
2 2 2 2 

powers G* /B and ft* /» this increase in quite obvious. Therefore the 

C B 

significant results we derive from Pig. 4 aret a) the degree of aniso- 
tropy of the fluctuations decreases more and more when we include lower 
and lower frequencies (l^/i ^ increasing upon increase of the time ba* 
sis) . Therefore, the higher frequency components of the fluctuations 
tend to be more anisotropic than the low frequency components, 
b) The ratio is also increasing upon increasing the time basis. 

This implies that the ratio « B (( / CB L increases when lower frequencies 
are taken into account (n and ± refer to the average magnetic field 
direction) . 

As mentioned already, three different time basis were also taken 
in the work of Belcher and Davis (1971). As these authors considered 
in their analysis averages over the entire mission or over solar ro- 
tations. the regions of solar wind looked at are likely to have dif- 
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farant char ac tar 1st lea with raapact to thoaa of our irvaatigation, ao 
that a diract comparison with our raaulta ia not atrictiy eorract. 
Having praciaad this, wa ram ark howavar that alao Btlchar and Oavia 
raaulta ara lndicativa of an incraaaa of tha ration batwaan aiganva- 
luaa for lowar fraquancias, although thair axcuraion ia nallar than 
tha ona wa obtain. 
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5. Summary and discusalon 


Using Halioa 2 magnetic data, wa hava analysed some atatiaeical 
propertiaa of MHD fluctuations aasociatad with tha trailing adga of a 
given etieum observed in different solar rotations at different distan 
ces from tha Sun. The homogeneity of the sample of data used is a 
main point of difference with respect to all previous investigations 
on properties of Alfvdnic turbulence in the solar wind. 

Eigenvalues and eigenvectors of tha variance matrix, total power 
in the fluctuations and power in the fluctuations of field magnitude 
have been derived using 5 different time basis for the statistics. 

Thus a discussion of these statistical properti*? both as a function 
of distance from the Sun and as a function of the frequency range of 
the included fluctuations has become possible. 

The most significant results obtained can be summarized as fol- 
lows: 

- the degree of anisotropy of the fluctuations (in the plane perpen- 
dicular to the minimum variance direction) decreases upon going towards 
the Sun for all frequency ranges considered. At fixed heliocentric 
distance, the same anisotropy decreases upon increasing the time ba- 
sis. Hence the higher frequency fluctuations appear to be more aniso- 
tropic than the lower frequency components. 

- the total (normalized; power in MHD fluctuations increases upon ap- 
proaching the Sun (for all frequency ranges except when periods above 
1 h are included). \s obvious, at fixed heliocentric distance, the to 


tal power increases as lower and lower frequencies are included in the 
•ample. 

- the degree of compreenibility (variance of field magnitude normeli- 
2 

zed to B ) in the fluctuations generally decreaaee going towards the 
Sun. 

Although, for clarity of exposition, we have discussed separately 
the variations with distance (for given frequency range) and, vicever- 
sa, the variations with frequency range (at fixed heliocentric distan- 
ce), an important point we obtain (and clearly seen in Fig. 4) is that 
the variation with distance of the various parameters depends from fre 
quency range. 

This is a main conclusion resulting from this investigation and 
not appreciated in previous studies of variation with distance, mostly 
concerned with wave amplitudes (sec dames, 1977; Behannon, 1978; Vil- 
lante, 1980). The available theory with which variations of the flue- 
tuations with distance have been compared so far is the geometric op- 
tics approximation of wave propagation (see Barnes, 1977). However, 
our results on dependende from frequency of the various radial gra- 
dients cannot certainly be explained in this framework (as it does 
not contain, in principle, frequency effects) and one must resort to 
something else. 

In the range of heliocentric distances considered WKB propagation 

2 2 

would predict an increase in normalized wave power Cr ") B with distan- 

w 

ce. This is just the opposite of the trend indicated by the curves in 
Fig. 4, with the exception of curve 5. referring to the 3 h basis, 
which is rather flat. A recent work of Villante (1980), referring to 


2 2 

1 h variances, concludes that the data are more consistent with O' /B ■ 

v 

constant than the geometric optics indication. 

Besides the disagreement with the geometric optics prediction, the 
2 2 

radial gradients of O' /B that ve have obtained increase when we re- 

6 

strict the sample to higher frequencies (i.e. decreasing the time basis). 
However, for curves 1,2,3, i.e. for samples including periods roughly 
below 20 m, the gradients seem to remain the same. 

To explain this type of behaviour, it seems necessary to invoke 
some damping mechanism on the waves. The damping should increase with 
frequency. This is indeed a feature of all damping mechanisms we can 
think of, both collisional and collisionless. However, as it is commonly 
quoted in the literature (see Barnes, 1977), damping mechanisms on 
Alfvenic waves are quite ineffective. 

Variations with frequency of the radial gradient of our parame- 
ters could also in principle be due to various non linear effects ope- 
rating differently in different spectral regions. However, if we remain 
in the framework of incompressible MHD turbulence and solar origin of 
the waves, the times of non linear cascade of the modes along the spec- 
trum (Dobrowolny et al. , 1980b) are much shorter than the convection 
time up to our minimum distance of 0.3 AU from the Sun, for the wave- 
lengths we have included in our samples. This implies that the turbu- 
lence is there in a state with no (or very small) non linear interac- 
tions. Results by Denskat et al. (1980) on correlation between velo- 
city and magnetic field fluctuations indicate that indeed the modes 
are essentially outwatdly propagating (and hence without non linear 
interactions as these require Alfvinic waves in the two directions). 
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Thus thsrs dots not stttn to b« st the moment s simple sxplsnstion 
of the observationsi results concerning the vsristion with frequency of 
the redial gradients of various parameters and some further theoretical 
study of the properties of Alfvdnic turbulence is necessary. 

Finally, the turbulence is not strictly incompressible and compres^ 
sibii ity (although remaining small) is relatively more important away 
from the Sun. 

A possibility of having compressible components of the fluctuations 
is given by the parametric instability of Alfvdnic waves. For incohe- 
rent AlfvSn waves (fohen and Dewar, 1974), this depends from the index 
of the wave power spectrum (which should be £1). Recent studies of po- 
wer spectra in the range of Helios heliocentric distances (Denskat and 

Neubauer 1981; Bavassano et al. 1981b) indicate indeed a spectral index 

-2 

of the order of 1 at 0.3 AU but only for frequencies below 1.5 * 10 
Hz. However, the time scales of the parametric process, as discussed by 
Cohen and Dewar for the expanding solar wind, appear to be quite margi- 
nal . 
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Table 2 - Mean values and deviations! for each stream encounter, 

. * _ ,, 2.2 2 .2 . 2.2 
of ^3^1 • °V B ' * nd<3 V°C* 

T indicates the time basis used in the variance matrix 
b 

computations. 
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Figure Caption* 


Fig. 1 - Projection on the ecliptic plane o t the orbit of Helioa 2 for 
the firat four months of 1976. 

Fig. 2 - Statiatical diatributiona for the three stream encountere 

(see periode of Table 1) of: (a) the ratio of the eigenvalues 
(k) the ratio 7^^; (c) the angle ^ between the mini- 
mum variance direction and the average field vector. The ana 
lysis has been performed on a time basis of 22.5 minutes. 

Fig. 3 - Statistical distributions for the three stream encounters 

2 2 2 

(see periods of Table 1) of: (a) the ratio <r./B , <r being the 

c c 

trace of the variance matrix and B the field magnitude; (b) 

2 2 2 

the ratio O' /B ,(f being the variance in the field magnitude; 

B B 

(c) the ratio The analysis has been performed on a ti- 

B C 

me basis of 22.5 minutes. 

Fig. A - Variation with the heliocentric distance of the average values. 

2 2 

for each stream encounter, of 7\ /?[ (a), (b),<7“ r /B (c), 

2 2 2 2 

G-WB (d), <r /<r„ (e). The five curves in each panel refer to 
B B C 

Lhe different time basis used in the statistics. 
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